The development and improvement of MC-ICP-MS instruments have fueled the growth of Lu-Hf geochronology over the last two decades, but some limitations remain. Here, we present improvements in chemical separation and mass spectrometry that allow accurate and precise measurements of 176 Hf/ 177 Hf and 176 Lu/ 177 Hf in high-Lu/Hf samples (e.g., garnet and apatite), as well as for samples containing sub-nanogram quantities of Hf. When such samples are spiked, correcting for the isobaric interference of 176 Lu on 176 Hf is not always possible if the separation of Lu and Hf is insufficient. To improve the purification of Hf, the high field strength elements (HFSE, including Hf) are first separated from the rare earth elements (REE, including Lu) on a first-stage cation column modified after Patchett and Tatsumoto (Contrib. Mineral. Petrol., 1980, 75, 263-267). Hafnium is further purified on an Ln-Spec column adapted from the procedures of Münker et al. ) and Wimpenny et al. (Anal. Chem., 2013, 85, 11258-11264) typically resulting in Lu/Hf < 0.0001, Zr/Hf < 1, and Ti/Hf < 0.1. In addition, Sm-Nd and Rb-Sr separations can easily be added to the described two-stage ion-exchange procedure for Lu-Hf. The isotopic compositions are measured on a Thermo Scientific Neptune Plus MC-ICP-MS equipped with three 10 12 U resistors. Multiple 176 Hf/ 177 Hf measurements of international reference rocks yield a precision of 5-20 ppm for solutions containing 40 ppb of Hf, and 50-180 ppm for 1 ppb solutions (¼0.5 ng sample Hf 0.5 in ml).
Introduction
In addition to K-Ar, U-Pb, and Pb-Pb, the long-lived Lu-Hf, Sm-Nd, and Rb-Sr decay systems are among the most widely used chronometers for dating terrestrial rocks and meteorites. These systems oen respond differently to heating and cooling, metamorphism, impact shock, or low-temperature alteration. Applying multiple chronometers to the same sample can therefore yield important information about its thermal history. In principle, many whole-rocks and minerals contain concentrations of trace elements that are sufficient to allow dating of <100 mg samples using multiple decay systems. In practice, however, it is oen difficult to obtain enough pure mineral separates for this purpose, especially when the sample size is limited as is the case for many meteorites. Angrites, for example, are not only rare meteorites (23 specimens altogether, mostly <1 kg total mass, of which only a few g are typically available for destructive analysis), but also contain Hf-poor minerals such as plagioclase (<20 ppb), olivine (<150 ppb), and phosphates (down to a few ppb). The latter two have relatively high Lu/Hf and are therefore important for increasing the range in 176 Lu/ 177 Hf among internal isochron points and precisely constraining dates.
Recent low-level Lu-Hf analyses (e.g., Herwartz et al., 4 Bast et al. 5 ) have been performed following the chemical separation procedure of Münker et al., 2 which is currently used-at least in part-by many laboratories. This method simplied the Lu-Hf separation from 3 or 4 column stages 1,6-9 to a single Ln-Spec column, greatly streamlining the chemical procedure for Lu-Hf work. During loading and initial rinsing, most major elements are not adsorbed onto Ln-Spec resin. Therefore, the elution proles of Lu and Hf are not greatly affected by variable bulk sample compositions, and the Hf yield remains high even if large amounts (several grams) of sample are processed. A preseparation of matrix elements by precipitation as described in earlier methods 6, [8] [9] [10] is therefore unnecessary. Unfortunately, the single-column separation is not sufficient for high-Lu/Hf samples because the heavy rare earth elements (HREE) tail into the Hf fraction, leading to signicant isobaric interferences on 176 Hf during MC-ICP-MS analysis. In addition, variable amounts of Zr and Ti may elute with Hf, depending on the exact molarity of the HCl-HF mixture used and perhaps also the condition or age of the Ln-Spec resin. The presence of these two elements in the Hf fraction can inuence the mass bias behavior relative to that of Hf-only solution standards and thus compromise the accuracy of 176 Hf/ 177 Hf measurements. 2, 8, 11, 12 As a workaround, Hf cuts can be passed through Ln-Spec resin twice for an improved separation 13 followed by an additional cation column to remove remaining HREE. Performing two passes through the Ln-Spec column has the additional advantage that a sample may be initially loaded without ascorbic acid, 13 which would otherwise elute with the Sm, Nd, Rb, and Srbearing matrix, complicating the later separation of these geochronologically important elements. Overall, the chemical separation for multiple radioisotope systems from a single sample aliquot is possible when using the method of Münker et al. 2 but requires the addition of at least 2 column stages, prolonging the procedure and increasing the analytical blank.
The purpose and goals of developing a new chemical separation method are to (1) decrease the amount of Lu in the Hf fraction to insignicant levels, (2) decrease the amount of acid required for efficient Ti elution, (3) improve the separation of Hf from Zr, (4) avoid ascorbic acid in eluted fractions that can be used for Rb, Sr, Sm, and Nd analyses, and (5) minimize the procedural blank. Each of these requirements will be explained in more detail below.
(1) Decreasing the amount of Lu (and Yb) in the Hf fraction
The isobaric interferences of 176 Lu and 176 Yb on 176 Hf are monitored by measuring the 175 Lu and 173 Yb signals during Hf isotope analysis. The Lu-Hf system is analogous to the 87 Rb- 87 Sr system in that the radioactive parent nuclides ( 176 Lu, 87 Rb) are also the spike isotopes, and they isobarically interfere with their respective daughter isotopes ( 176 Hf, 87 Sr). It is therefore crucial to achieve complete parent-daughter separation before MC-ICP-MS analysis.
In the single-column procedure of Münker et al., 2 Lu is eluted from the Ln-Spec resin before Hf, and-at least for some batches of Ln-Spec resin-residual Lu has been observed to tail into the Hf cut, especially for high-Lu/Hf samples such as garnet and apatite ( 8, 14 The subtraction of Yb can be done accurately, 12, 15 whereas the amount of 176 Lu in the Hf fraction is oen underestimated because the assumption of a natural Lu IC is not valid for samples spiked with a 176 Hf tracer. Simply using the 176 Lu/ 175 Lu of the spiked sample (measured during Lu ID analysis) for the interference correction 16 may, on the other hand, overcorrect 176 Hf/ 177 Hf to low values. This is shown in Fig. 1 where "nat." refers to the natural isotope composition of Lu and "ID" refers to the 176 A separation procedure that employs an initial cation column (e.g., Patchett and Tatsumoto, 1 Wimpenny et al., 3 Vervoort et al., 14 Bizimis et al. 19 ) is advantageous because the high eld strength elements (HFSE) including Hf are not adsorbed onto the AG 50W-X8 cation resin whereas the REE are. Hence, the REE are eluted aer Hf, which prevents tailing into the Hf fraction. However, care must be taken not to overload the column or breakthrough of the HREE might occur. The procedure outlined below adopts a miniaturized version of Patchett and Tatsumoto's 1 cation column. The isolation of Hf from the HFSE cut is performed on an Ln-Spec column devoted to this purpose, which never gets loaded with REE-bearing bulk samples, thereby eliminating potential Lu (+Yb) contamination.
(2) Optimization of the Ti elution Blichert-To et al., 8 Münker et al. 2 and Weyer et al. 11 have shown that the accuracy of the 176 Hf/ 177 Hf measurement by MC-ICP-MS is compromised by insufficient Ti removal. In the separation procedure of Münker et al., 2 Ti is eluted as a peroxide complex with up to 50 ml of 0.45 M HNO 3 -0.09 M citric acid-1 wt% H 2 O 2 . In other methods 1, 3, 7 Ti is complexed with H 2 O 2 before loading the sample onto the column, which generally results in a more efficient elution of Ti and frees up resin capacity for the following separation of Zr from Hf. This is not feasible when loading in HCl, 2 however, because HCl-H 2 O 2 mixtures tend to form ow-blocking bubbles within the Ln-Spec resin. This problem is avoided by loading in HNO 3 -H 2 O 2 as done by Wimpenny et al. 3 in their procedure for isolating Lu and Hf from Fe-free matrices.
(3) Improving the separation between Hf and Zr
For TIMS measurements of Hf isotope ratios, it was crucial to decrease the Zr/Hf to levels below $2 so that Hf would ionize efficiently. 1,6,10 During MC-ICP-MS analysis, even a high Zr/Hf value (natural z 35) does not signicantly inhibit the ionization of Hf. 8 Many analytical protocols therefore do not even attempt to separate these elements. 8, [20] [21] [22] [23] [24] Indeed, zircon analyses by laser ablation (LA)-MC-ICP-MS will always be subject to natural Zr/Hf, but in that case, zircon grains are also used as isotopic standards and their mass bias behavior is likely similar to that of the unknowns. The standards are thus matrix-matched to the samples. This is not always the case for solution-based MC-ICP-MS, where a Zr-free Hf solution (e.g., JMC-475) is used as a standard. Peters et al. 12 reported that at a Zr/Hf above 10 there is an observable bias on 176 Hf/ 177 Hf when using X skimmer-and Jet sample cones on a Thermo Scientic Neptune MC-ICP-MS. We have also periodically observed up to 3 3-unit positive shis in 176 Hf/ 177 Hf in a specic Hf cut that had a Zr/Hf of $7.2. At the same time, the 175 Lu/ 176 S monitor was elevated independent of the actual amount of Lu in the Hf fraction. Other samples having lower Zr/Hf showed no such shis during the same analysis sessions. However, re-measurement of the high-Zr/Hf sample solution during later analysis sessions showed no shis, and tests using an AMES Hf standard doped with AMES Zr also showed no shis: The 176 Hf/ 177 Hf of 20 ppb AMES Hf solutions reproduced within 30 ppm for Zr/Hf up to 10, and no signicant correlation between 176 Hf/ 177 Hf and Zr/Hf was observed. It seems that observed shis for the high-Zr/Hf solutions are intermittent and related to the specic conditions affecting some analysis sessions where X-and Jet cones are used. It is also unclear whether Zr is the cause of these shis. To eliminate the possibility of biases arising from high Zr/Hf, the separation of those two elements can be optimized by carefully adjusting the HF molarity of the HNO 3 -HF mixture used to elute Zr. In addition, a high-Zr/Hf standard can be measured at the start of an analysis session to ensure that Hf isotope ratio measurements are insensitive to Zr.
(4) Avoiding ascorbic acid in eluted fractions to be used for Rb, Sr, Sm, and Nd analyses
In the procedure of Münker et al., 2 the sample is loaded onto Ln-Spec resin in 3 M HCl-0.1 M ascorbic acid. The latter is used to avoid Fe in the Lu and Hf fractions by reducing Fe 3+ to Fe 2+ , which is not adsorbed strongly by the Ln-Spec resin and is eluted with the bulk matrix. This matrix fraction, which also contains Rb, Sr, Sm, and Nd is eluted in the rst 20 ml of 3 M HCl 2 (including the loading volume and its ascorbic acid). However, drying down ascorbic acid-bearing solutions on a hot plate results in tarry residues that are difficult to re-dissolve for loading onto the next stage of chemistry. This difficulty is avoided by employing the rst-stage cation column mentioned above in which the HFSE are eluted before Fe, and the HREE are eluted aerwards.
(5) Minimizing procedural blanks
When scaling down the amount of sample analyzed, the procedural blanks need to be reduced simultaneously to keep blank contributions negligible or correctable. This is especially important for Lu-Hf geochronological studies on small amounts of handpicked, low-Hf minerals. Miniaturizing the cation column and making the Ti elution more efficient can reduce the amount of reagents used signicantly over previous methods. 
Ion-exchange chromatography
The 2-stage ion-exchange chromatography for Lu-Hf geochronology that is presented in detail below meets all the aforementioned requirements and works reliably for small samples but also up to 100 mg of digested whole-rock powder. The rststage cation column allows the direct separation of Rb, Sr, and Sm + Nd fractions if needed. The HFSE (including Hf) and the HREE (including Lu) are completely separated from each other, eliminating potential interferences. The HREE cut can be used without further processing for Lu ID analysis, whereas the Hf fraction needs further purication. As a second stage, an Ln-Spec column adapted from Münker et al. 2 and Wimpenny et al. 3 is used to isolate Hf from Ti and Zr, typically resulting in Zr/Hf < 1 aer a single pass through the column. Compared to the Lu-Hf separation method previously used in our laboratory, 2 this optimized procedure yields cleaner Hf cuts while minimizing sample handling and the amount of acid consumed, and lowering the analytical blank to <10 pg.
Materials and reagents
The ion-exchange chromatography is performed in a class 100 laminar ow hood in a class 10 000 clean room environment. All columns are made from Kynar heat-shrink tubing (12.7-6.4 mm diameter; from Angst and Pster) with the dimensions given in Fig. 3 
Sample digestion
Up to 100 mg of whole-rock powder, or mineral grains (we tested garnet and apatite) are weighed into 15 ml Savillex Teon® vials and covered with MQ H 2 O. Mixed spikes enriched in 176 Hf, 149 Sm-150 Nd, and 87 Rb-84 Sr are added before digesting the samples with concentrated HF-HNO 3 (2 : 1) in capped vials on a hot plate at 120 C. Aer 24-48 h, the vials are opened and the acids evaporated (such hot plate digestions are insufficient for the full digestion of zircon-bearing rocks. For such samples, other methods can be used, e.g., digestions in high-pressure autoclaves). Apatite is dissolved in 3 ml 6 M HCl-0.06 M HF instead of HF-HNO 3 . Aer decomposition, all samples are dried down with 1 ml of 15 M HNO 3 three times to break down uorides before being converted to chlorides by drying down with 1-5 ml of 10 M HCl.
Column I
The initial cation column is a miniaturized version of Patchett and Tatsumoto's column A 1 . It is lled with 2 ml of Bio-rad AG® 50W-X8 resin (200-400 mesh), which has an operating capacity of 2-3 meq. The resin is cleaned with 3-4 reservoir volumes (RV, z12 ml) of 6 M HCl and 1 RV of 2 M HF ( Table 2 ). Between these two steps, the columns are backwashed with MQ H 2 O to prevent expulsion of the frit by resin expansion. For the cation-exchange chromatography, samples up to 50 mg are taken up in 170 ml 6 M HCl at 140 C on a hot plate. Once the sample is completely dissolved, it is sequentially diluted with 780 ml H 2 O and then 50 ml 2 M HF to 1 M HCl-0.1 M HF, transferred to a test tube and centrifuged. (For larger sample sizes, the loading volume is scaled up accordingly, which may broaden the Rb and Sr peaks but does not inuence the HFSE and REE elution.) Clear sample solutions are then pipetted onto the columns, leaving any undigested grains (e.g., refractory zircon and rutile inclusions from garnet) behind. The HFSE (including Hf) are eluted immediately and need to be collected already during loading. Following the elution scheme summarized in Table 2 , the sample matrix rinses off rst in 1.5 M HCl, followed by Rb and Sr. The Rb fraction can be analyzed using the method of e.g., Nebel et al., 25, 26 whereas Sr generally requires further purication, for example using traditional cation exchange 27 or a Sr-Spec column. 28 Lutetium and other HREE are collected in 8 ml of 2.5 M HCl. Aer evaporating to dryness on a hot plate at 120 C, this fraction is treated with 200 ml of 0.1 M HNO 3 -4% H 2 O 2 and dried down at 80 C to oxidize any organic residues from the resin and reagents. Aer redissolving in 0.1 M HNO 3 , Table 2 Elution schemes for the two-stage Lu-Hf ion exchange chromatography a
Step Acid 
Column calibration analysis
The effectiveness of the chemical separation was tested using a Thermo Scientic XSeries II quadrupole ICP-MS at the Institut für Planetologie at WWU Münster. The eluted fractions were doped with 10 ng In, which was used as an internal standard and scanned for a broad range of major and trace elements (Na, Mg, Al, Si, P, K, Ca, Ti, V, Cr, Mn, Fe, Co, Ni, Rb, Sr, Sc, Y, Zr, Nb, Mo, In, Ba, REE, Hf, Ta, and W). The samples were analyzed using a Peltier-cooled cyclonic quartz glass spray chamber and an ESI Microow PFA nebulizer. Sample solutions were introduced using a peristaltic pump at an uptake rate of $670 ml min À1 , yielding a sensitivity of $1300 kcps for a 10 ppb In solution. Signals were detected in standard resolution and acquired by peak-jumping using a single channel per peak with a dwell time of 10 ms for each individual mass. One analysis consisted of three main runs with 50 measurements (sweeps) per run. Solution standards with known element concentrations were measured under the same conditions and used to calculate the element concentrations in each eluted fraction.
Isotope analysis
Hafnium High precision Hf isotope analyses are performed on a Thermo Scientic Neptune Plus MC-ICP-MS at the Institut für Mineralogie at WWU Münster. The instrument is equipped with three 10 12 U resistors, which allow a precise measurement of signals below 5 Â 10 À11 A. The main isotopes of Hf ( 176 Hf, 177 Hf, 178 Hf, 179 Hf, and 180 Hf) and one of each interfering element ( 173 Yb, 175 Lu, 181 Ta, and 183 W) are measured simultaneously using the Faraday cup conguration shown in Table 3 . For high-concentration analyses (up to 40 ppb Hf), two of the sensitive resistors are used for the Yb and Lu interference monitors, whereas a 10 10 U resistor is used for the spike isotope 180 Hf (or 181 Ta, whichever signal is generally higher). For low-concentration analyses (<10 ppb), however, the 10 12 U resistors are used for measuring the 175 Lu, 176 Hf, and 177 Hf signals. An Aridus II™ Desolvating Nebulizer System equipped with a Cetac C-Flow PFA concentric nebulizer with a ow rate of $80 ml min À1 is used as the sample introduction system. This setup produces particularly stable signals. An X-skimmer and Jet sample cone are installed to enhance the sensitivity up to 2000 V ppm À1 for Hf, which corresponds to a signal of z0.35 V on 177 Hf for 1 ppb Hf solutions. An autosampler is used to maintain consistent time intervals for the wash out (5 min in 1 M HNO 3 -0.6 M HF), on-peak zero measurements (4 min), and sample solution uptake (1 min before analysis). Baselines are measured at all masses without defocusing ("on-peak zeroes", OPZ) while drawing trace element-free 0.56 M HNO 3 -0.3 M HF into the nebulizing system. Samples are dissolved in 0.5 ml of the same acid mixture and diluted to appropriate concentrations. The amounts of Hf and Zr (monitored on mass 90) in each sample are determined by manual peak-hopping on pre-dilutions (20 ml sample solution in 1 ml 
Lutetium
The Lu concentrations were determined by isotope dilution (ID)-MC-ICP-MS on a Thermo Scientic Neptune Plus at the Institut für Mineralogie at WWU Münster. The utilized equipment and operating conditions are similar to those described above. Lutetium, which has only two naturally occurring isotopes ( 175 Lu and 176 Lu), is typically doped with a non-interfering element such as Er 31 or Re 2,32 for mass bias correction, or concomitantly eluted Yb may be used. 8, 15, 33, 34 In the HREE fraction obtained from column I, natural Yb and Er are quantitatively recovered. Ytterbium creates an isobaric interference on 176 Lu that can be precisely corrected, 12, 15, 34 whereas Er has several stable, non-interfering isotopes that can be used for mass bias correction (e.g., 167 Er/ 166 Er ¼ 0.6841). Accordingly, all Lu-and Yb-standards used are doped with 5 ppb Er. Again, predilutions are used to determine the HREE concentrations of the samples, which are then diluted to 1-2 ppb Lu for analysis. The cup conguration given in Table 3 is used for acquisition, collecting 30 cycles with an integration time of 4.2 s.
Analytical uncertainties
Geochronological applications generally involve testing that the samples satisfy the isochron assumptions, namely that all samples had the same initial isotope composition, that they became closed systems simultaneously, and that they have remained closed systems. Samples meeting these criteria will dene a linear trend on an isochron diagram whereby the observed scatter of points can be explained by the analytical uncertainties alone. Higher degrees of scatter-evidenced by MSWD values signicantly greater than the expected value of 1-indicate that at least one of the isochron assumptions has been violated. 35 Detecting such geologic scatter with MSWD values requires realistic assessments of the analytical uncertainties, which vary according to the amounts of daughter and parent elements available for measurement, as well as the degree of error magnication due to over-or under-spiking. For this reason, we recommend that the uncertainties on each isochron point be individually estimated rather than being assigned a "blanket" value. The external reproducibility of 176 Hf/ 177 Hf is estimated for each data point on the basis of its internal measurement statistics as described by Bizzarro et al. 36 This method has previously been documented to yield realistic estimates for Hf isotope analyses. 13 Multiple analyses of the AMES Hf solution standard measured at different concentrations are used to establish the relationship between internal measurement uncertainty (% 1 s.e. of the 60 integrations) and external reproducibility (% 2 s.d. of n $ 5 analyses; Fig. 4a ). This trend is then used to transform the internal analytical uncertainty of samples that can only be measured once or twice into an estimated external uncertainty, i.e., 2 s.d. that would be expected if the sample were measured many times. In our laboratory, trend slopes are typically between 2.5 and 3.0. Repeated analyses of terrestrial reference rocks yield trends that agree with those of solution standards, indicating that the latter can be applied to rock samples that have been spiked and processed through chemistry (Fig. 4b) . Any additional uncertainty on 176 Hf/ 177 Hf arising from the Lu interference corrections (equation above) is added quadratically to the 2 s.d. external reproducibility.
The analytical uncertainty of 176 Lu/ 177 Hf includes an error magnication that accounts for the effects of over-and underspiking. 37 The error magnication factor F is calculated following the equation
in which R is the isotope ratio ( 176 Lu/ 175 Lu or 180 Hf/ 177 Hf) of the sample-spike mix (R M ), natural (R N ), and the spike (R S ). 38 The typical precisions of 176 Lu/ 175 Lu and 180 Hf/ 177 Hf for natural Lu and Hf standard solutions are 0.2% and 0.01%, respectively. These are multiplied by their respective error magnication factors (F) and then added quadratically to yield the uncertainty on 176 Lu/ 177 Hf in percent. More than 99% of this uncertainty originates from the isotope dilution analysis of Lu, which has only two isotopes and can therefore not be determined as precisely as Hf. The Hf contribution to the uncertainty on 176 Lu/ 177 Hf can be neglected.
Results and discussion

Efficiency of the chemical separation
Hafnium is eluted in 1 M HCl-0.1 M HF from the cation column together with Na, Mg, Al, Ti, Fe, Nb, Zr, Mo, Ta and W (Fig. 5 ). The REE are fully adsorbed to the cation resin in this acid, resulting in complete separation of Lu and Hf. Lutetium, Yb and Er are collected in 2.5 M HCl aer eluting the major Fig. 4 The external reproducibility of 176 Hf/ 177 Hf is estimated from the relationship between the average internal analysis statistics (% 1 s.e. of 60 cycles) and the external reproducibility of replicate analyses (% 2 s.d. of multiple analyses) of the Münster AMES Hf standard (left) analyzed at different concentrations, following the method of Bizzarro et al. 36 The relationship holds e.g., for replicate analyses of BHVO-2 (right). The resulting trends are used to estimate the % 2 s.d. uncertainties for samples that can only be analyzed once. The slopes of the trends are typically in the range of 2.5 to 3.0. elements and Rb and Sr in 1.5 M HCl. For up to 100 mg of whole-rock, phosphate, or garnet, no breakthrough of HREE was observed before switching from 1.5 M to 2.5 M HCl, even if the columns were le overnight or another 2 ml of 1.5 M HCl were added before collecting Lu. In addition to Lu-Hf, fractions for Rb-Sr and Sm-Nd geochronology can also be collected from the cation column. A fraction containing 90% of the sample Rb, together with various amounts of Mg, K, Mn, Fe, Co, and Ni, is collected in 4 ml of 1.5 M HCl ( Table 2 , Fig. 5 ). Although the additional elements do not have isotopes that isobarically interfere with 85 Rb or 87 Rb, they may affect mass bias behavior during MC-ICP-MS analysis. This is not the case for thermal ionization mass spectrometry (TIMS), but an additional cleanup of the Rb fraction 25, 26 is advisable for either measurement method. Only about 70-80% of the total Sr is collected to avoid large quantities of Ca, which is mostly eluted in between Rb and Sr. For high-Ta samples (such as BIR-1), we observed an elevated Ta/Sr of 0.3. For Sr isotope analyses by MC-ICP-MS or TIMS, the Sr fraction should be further puried. 27, 28 The LREE, including Sm and Nd, are eluted in 6 M HCl and can also be separated further for geochronological applications. 29, 30 Hafnium is puried on an Ln-Spec column that never gets loaded with REE-bearing samples, which is important for keeping the 175 Lu/ 176 S monitor below 0.0001. Titanium forms a yellow to orange complex in 3 M HNO 3 -1% H 2 O 2 , and is immediately eluted during loading. 3 Up to 12 ml of this acid mixture are added in 2 ml steps until the eluate is colorless, indicating that Ti has been almost quantitatively eluted from the column. Using this simple criterion, a sufficient separation of Ti and Hf is achieved, resulting in Ti/Hf < 0.1. Zirconium is rinsed off effectively with six 4 ml batches of 0.5 M HNO 3 -0.06 M HF, whereas Hf remains on the column until the HF molarity is increased to 0.3 M. Separation techniques previously used at our laboratory 2 yielded Zr/Hf in the range of 2 to 15, whereas the method reported here consistently yields values <1. For up to 100 mg basalt, the total Hf recovery is typically 98% or more. Deliberate overloading of the initial cation column with 200 mg of digested BHVO-2 powder still produces a clean Hf fraction ( 175 Lu/ 176 S monitor < 0.0001, Ti/Hf ¼ 0.05, and Zr/Hf ¼ 0.1) and a yield of 78%. Tests on 100-200 mg of garnet result in Hf yields of about 75%. For 100 mg garnet samples, the Hf is efficiently puried, whereas a 200 mg garnet sample resulted in an elevated Lu monitor ( 175 Lu/ 176 S) of 0.0017. This breakthrough of HREE indicates that the operating capacity of the cation resin is not sufficient for sample sizes above 3 meq. Such overloading of column I can be avoided by either dividing large sample loads among several rst-stage columns or using a larger rst-stage cation column. 1 Alternatively, a 1 ml Ln-Spec column 2 could also be used to separate the HFSE and HREE from the matrix before processing through cation column I. Special care should be taken to keep the Ln-Spec resin in column II REE-free. For phosphates, the Hf cuts are very clean with respect to other elements, but the Hf recovery is only in the range of 25 to 50 %, which is probably caused by Hf sequestration by precipitates that formed when the samples were dried down aer the digestion. We therefore suggest dissolving phosphates in 6 M HCl and diluting this acid to molarities appropriate for direct loading onto the rst column, i.e. 1 M HCl-0.1 M HF, without drying down in between.
Reference materials
The analytical procedure described in this study was tested on four different international reference rocks (BHVO-2, JB-1, BIR-1, and G-2). For comparison, each material was also processed once using the Münker et al. 2 method. Most samples were fully spiked before digestion for simultaneous IC and ID analysis, with the exception of two BHVO-2 aliquots ("E" and "F"), which were analyzed unspiked. Solution aliquots equivalent to ca. 50 mg digested whole-rock powder were typically loaded onto the columns. The 200 mg BHVO-2 fractions "D", "E" and "F" were split into aliquots aer digestion and loaded onto four individual ion-exchange columns to test for possible variations in isotope composition induced by the chemical separation. No resolvable variations were observed.
For all individually processed digestions of the investigated reference materials, the Hf isotope compositions, as well as the Lu and Hf concentrations, are summarized in Fig. 6 (18) . 69 Three individual hot plate digestions of BIR-1 have 176 Hf/ 177 Hf values that vary from 0.283266 (15) to 0.283312 (3) . Literature values range from 0.283244 (63) 75 to 0.283293 (4), 44 which overlaps with those of two of our digestions. The remaining digestion of BIR-1 yielded a slightly higher 176 Hf/ 177 Hf, which was reproduced in repeated analyses and is therefore most likely caused by sample heterogeneity (2 3-unit variation for BIR-1). For G-2, two individual autoclave digestions were processed individually through different chemical separation methods, yielding an average 176 Hf/ 177 Hf of 0.282524 (8) , which is indistinguishable from the recommended value of 176 Hf/ 177 Hf ¼ 0.282522 (3) . 57 To test the instrument performance on small sample sizes, the Münster Ames Hf standard solution and several BHVO-2 Hf solutions ("B", "D", "E", and "F") were diluted to a concentration of 1 ppb (0.5 ng Hf per 0.5 ml solution per analysis). Repeated analyses of the 1 ppb BHVO-2 solutions yielded an average 176 Hf/ 177 Hf of 0.283101 (41) , i.e., a precision of 1.5 3-units. All individual 1 ppb analyses are within uncertainty of the mean of 40 ppb analyses and therefore accurate. In Fig. 6 Average Hf isotope composition for each individual digestion of the international reference rocks BHVO-2, JB-1, G-2 and BIR-1. Vertical black lines through the data represent the grand mean of all of our 40 ppb analyses with 95% confidence limits (dark grey bars). The 2 s.d. external reproducibility is shown with light grey bars and given in parentheses as uncertainties in the least significant digits. For BHVO-2, four aliquots of digestions D, E, and F were processed through four individual columns and measured separately. The average of the 40 ppb analyses for each digestion (D-F) is shown (short black lines) along with 95% confidence limits (blue bars). The scale bar on the lower left side of each diagram measures 1 3-unit. All data have been normalized to a 176 Hf/ 177 Hf of 0.282160 for the JMC-475 Hf standard. For literature data, the quoted uncertainties on mean values were converted to 95% confidence limits when the number of measurements and type of uncertainty (s.e. vs. s.d.) could be ascertained. For n ¼ 1-3, we converted 2 s.e. internal analysis statistics to 2 s.d. external reproducibility by multiplying by 2 assuming reproducibility behavior observed by Bizzarro et al. 36 upcoming tests, small sample aliquots (e.g., 1 mg WR powder) will be digested and processed individually. The BHVO-2 reference material appears to be well suited for testing the accuracy of Hf isotope compositions measured on such small sample sizes because this recently formed basalt has a homogeneous Hf isotope composition.
Conclusions
Lutetium-hafnium geochronological studies require an efficient chemical separation to avoid subtle errors in 176 Hf/ 177 Hf and resulting isochron scatter caused by inaccurate corrections for the 176 Lu and 176 Yb interferences on 176 Hf. The ion-exchange method presented here lowers the HREE/Hf in the Hf fractions to insignicant levels, while also providing efficient removal of Ti and Zr, which may adversely affect the mass bias behavior of Hf during isotope analysis. The presented chromatography is thus especially well suited for Lu-Hf geochronology on high-Lu/Hf phases. Low procedural blanks are possible because of the reduced amount of acids required. These improvements over previous techniques, coupled with the use of sensitive 10 12 U resistors during isotope ratio measurement by MC-ICP-MS, allow the use of Lu-Hf chronology for demanding applications where only ng quantities of Hf are available, e.g., dating of small amounts of phosphate minerals, 34,77-81 single garnet grains, or even individual garnet growth-zones sampled by micro milling. 82 Furthermore, the employment of a rst-stage cation column simplies the application of multiple radioisotope systems (Lu-Hf, Sm-Nd, and Rb-Sr) to the same sample aliquot.
